A study is reported in which the interaction between a typical ionomer glass and water was evaluation in order to
INTRODUCTION
Glass-ionomer cements are widely used materials in dentistry for the repair of teeth damaged by caries, with applications including liners and bases, and full restorations [1] . They are also used preventively as pitand-fissure sealants [2] .
The setting of glass-ionomer cements has been studied extensively, and many aspects of this are well established. The initial step is attack on the glass by protons from the acid [3] , leading to ion release that is closely followed by formation of metal carboxylate groups [4, 5] . These groups act as crosslinks between the polymer chains, and the effect of this, coupled with the coil expansion of the polyanion, lead to hardening of the cement [6] .
Following this setting process, there is a series of post-hardening reactions that are generally described as maturation. Various processes are known to take place, including an increase in the proportion of bound water within the cement [7] and an improvement in the translucency [8] . The detailed mechanisms of these processes are not known, though it is known that the proportion of 6-coordinate aluminium increases relative to the amount of 4-coordinate [9] .
The means by which water becomes bound into maturing glass-ionomer cements has received little attention so far. It has been suggested that it may progressively coordinate metal ions, such as Ca 2+ and Al 3+ [10] and also occupy regions close to the polyanion molecule [11] . FTIR studies have shown that silanol groups are present in set cements [12] , and these presumably arise from hydration of silicate structures in the surface of the glass. Such processes are known with silica and other types of silicate glass [13, 14] and seem plausible in the glasses used in glass-ionomer cements.
These glasses are known to release small amounts of ions when exposed to dilute acetic acid solutions [15, 16] . This release was found to lead to the formation of small amounts of friable inorganic solid in the surface of water in contact with ionomer glass powder [15] . The reaction was also shown to be capable of creating cements that were insoluble in water after 24 hour [16] , and which eventually became reasonably strong in compression [17] .
These results show that glasses used in glass-ionomer cements are capable of forming cements without any polymer being present. However, the role of water in this setting this has not been studied to any extent. It is known to be the solvent for the setting reaction, and to become fully incorporated into the set cement without phase separation [18] . However, no other aspects have been considered.
In the current paper, we address the question of whether ionomer glass can undergo hydrolysis and whether the product of such a reaction has any mechanical integrity. Using the glass G338, a glass of the type that is widely used in commercial glass-ionomers designed for use in clinical dentistry [15, 16] , we have mixed glass with water and used the resulting slurry to fabricate test pieces. These specimens have been tested for strength in compression, and changes in strength with time have been determined. Results give insight into the significance of simple hydration processes in these materials.
EXPERIMENTAL
The glass employed in this study was G338, (obtained from First scientific Dental, elmshorn, Germany), the pre-firing composition of which is shown in Table 1 . This was mixed with deionised water at two different powder:water ratios by mass, namely 3.75: and 3.5:1. Powder and water were prepared into slurries by spatulating them together at the appropriate ratio on a ceramic tile using a metal mixing spatula.
Small amounts of set slurry were allowed to remain for up to 24 hours, then tested for solubility by placing in water and observing the effect
Compressive strength of hydrated G338 specimens were determined on six specimens for each cement, each specimen being a cylinder of size 6 mm height by 4 mm diameter. They were prepared in split metal moulds, and allowed to harden in the moulds for 1 hour at 37°C. One set of specimens for each powder:water ratio was then tested in compression immediately.
Further determinations of compressive strength were carried out on sets of specimens that were either stored sealed in their moulds for time periods of 23 hours, 1 week and 4 weeks or removed from the moulds and stored at 95 % RH for 23 hours, 1 week and 4 weeks. For the latter, mass changes were determined by weighing the specimens on removal from the mould and after the appropriate storage period. For storage outside the moulds, specimens were stored in a sealed chamber maintained at 95 % RH using saturated sodium sulfate solution [19] .
In all cases, compression testing was carried out using a universal testing machine (hounsfield H5KS, Redhill, Surrey, UK) and a crosshead speed of 1.0 mm•min -1 . Loads at failure were converted to compressive strength values, and means and standard deviations were determined for each composition and for each maturation period. Differences in compressive strength and mass change were assessed for significance by 1-way ANOVA followed by the Student t-test.
Finally, Raman spectra were determined in specimens after 23 hours and 4 weeks storage at 95 % RH. In addition, the Raman spectrum of glass G338 was recorded. Spectra were recorded using a Bruker RFS 100/S spectrometer (Bruker, Leipzig, Germany).
RESULTS
The specimens all had an obvious degree of integrity on removal from the moulds. They retained their shape, and could be easily transferred to the universal testing machine for further testing.
Compressive strength data are shown in Table 2 . Values differed significantly (p > 0.01) for the two different powder:water ratios stored for 1 hour. In both cases, strengths at 24 hours after storage at 95 % RH did not differ significantly. this result came about because the 3.5: specimens at 1 hour and 24 hours did not differ in compressive strength, whereas the 3.75:1 specimens increased in compressive strength by a significant amount over this time.
After 1 week at 95 % RH, compressive strengths fell by amounts that were significant (p < 0.01). They apparently rose again slightly by 4 weeks, but these changes were not significant.
For the specimens stored for 24 hours at 95 % RH, there was a decrease in mass in all cases (Table 3) , with extent of mass loss varying with storage time. This shows that these cements were able to lose water, even in high humidity conditions, though this water loss did not differ significantly between the two powder:water ratios at any time interval. By contrast, the change between 23 hours and 1 week was significant (p < 0.01) in both cases.
Specimens stored sealed in their moulds were weaker in compression at 24 hours than they were at 1 hour, showing that some sort of changes occurred in the specimens that did not involve water loss. From 24 hours onwards, compressive strengths did not vary significantly either with time or between powder : water ratios.
Raman spectroscopy data are given in Table 4 . Similar bands occurred in G338 powder, and G338-water blends aged for 24 hours and 4 weeks, with only minor differences in intensity. 
DISCUSSION
For the first time, we report that the ionomer glass G338 is capable of forming a substance with a degree of structural integrity simply on reaction with water. Previous studies have shown that this glass will form what have been termed "pseudo-cements" with monomeric acids such as acetic and lactic acid [17, 20] , but what we report here is different from these substances in that it remains soluble in water. The product of hydration is therefore not a cement of any kind. However, it did not slump on standing outside the moulds, and had a measurable if low compressive strength, showing that there is some sort of connection between the glass particles in these blends.
Earlier studies have used acetic and lactic acids at concentrations of 40 -50 % (for acetic acid) [17] and 25 -75 % (for lactic acid) [20] to form cements, and these seem to develop their insolubility from the formation of some sort of inorganic network, probably based on phosphates [21] . Compressive strength of these pseudo-cements generally increased with increasing concentration of acid, with values falling between 4.8 and 35.1 MPa for specimens aged for 24 hours. These are substantially stronger than the materials formed by reaction of G338 with water, all values of which fell below 1 MPa.
Storage of the G338-water materials in 95 % RH led to loss of mass, which must be due to loss of water to the atmosphere, despite the high humidity conditions. This loss varied with time, and shows that these glasswater materials have a substantial amount of evaporable water within them. However, in no case was all of the water lost, showing that the G338 glass has a reasonably strong affinity for water. the overall compressive strength was affected by this water loss, falling at longer storage times as more water was lost from the materials.
Details of the Raman spectra for three key materials, G338 itself and G338-water (powder:water ratio: 3.5:1) stored for 24 hours and 4 weeks are shown in Table 4 . intensities differed only slightly between these three materials, and similar bands were present in all cases. Some bands clearly originate in the glass. For example, the band at 1072-74 cm -1 can be attributed to Q3 Si-O species, since such a band has previously been reported as occurring at about 1100 cm -1 [22] and at 1083 cm -1 [23] in similar silicate substances. In the same way, the bands at 2692-2715 cm -1 and 2534-2538 cm -1 are in the regions where bands have previously been observed in the spectra of hydrous sodium silicate glasses [24] .
The bands in the region 2860-2867 cm -1 can tentatively be assigned to strong hydrogen-bonds between silanol groups on the glass surface and molecular water [25] . This suggests that even "dry" G338 powder has a surface film of water, which is possible, but not completely confirmed by the raman spectroscopy results, since there is no well-defined peak in the region of 1630 cm -1 , the known position of the band from liquid water [22] . Unfortunately, bands in these regions appear to be caused by Fermi resonance between fundamental bands [25] , which complicates peak intensities, and means that assigning their origin is difficult [25] . it also means that there is no simple correlation between intensity of the peaks and relative amount of substance which give rise to absorptions in this region. This means that we cannot simply compare spectra from the G338-water blends with that from G338 alone. As a consequence, the Raman spectra gave less insight into the bonding of these materials than hoped, and the results do not allow an unambiguous explanation to be offered for the structural integrity of these materials. However, it seems highly likely that silanol groups on the glass surface interacting with molecular water is responsible for the weak structure of these materials, via hydrogen bonding. This possibility requires further work to confirm in the current materials.
CONCLUSIONS
The ionomer glass G338 mixed with water has been found to set to form materials with a degree of integrity. Structures formed in this process have modest mechanical strength in compression, though they are much weaker than actual glass-ionomer cements or pseudo-cements formed by this glass with either acetic or lactic acid. These materials probably arise from silanol groups on the surface of the glass, and their interaction with molecular water. Such hydration does not seem to be significant in contributing to the strength of either in pseudo-cements or true glass-ionomers, because the resulting material is water-soluble and mechanically weak. however, it may be significant in providing a site within the material at which water can collect, where it may act as the source of water for further maturation.
